The addition of Fe(II1) to anoxic lake sediments decreased the quantity of volatile fatty acids which accumulated. Similarly, the addition of several substrates to the sediments stimulated the rate of reduction of the naturally occurring Fe(II1). Of the substrates used, malate caused the greatest stimulation, and subsequently a malate-fermenting Vibrio was isolated from the sediment. This organism also reduced NO, and Mn(IV), the addition of which to the growth medium significantly lowered the rate of Fe(1I) formation. The presence of Fe(II1) in the medium increased the molar growth yield by 28% and this did not appear to be associated with the presence of particulate matter or changes in pH and E,,. The addition of Fe(II1) to the growth medium also produced a minor shift in the fermentation end-products, with a decrease in the quantity of ethanol formed and a concomitant increase in volatile fatty acids, both of which were of the same order as the amount of Fe(II1) reduced. It would appear, therefore, that the presence of Fe(II1) might permit a slight diversion of metabolism to more energetically favourable end products. The scale of iron reduction, both in the field and the laboratory, was very small compared with the reducing potential of the available substrates.
INTRODUCTION
The redox cycle of iron in the more productive lakes in the English Lake District has been well studied (Mortimer, 1941 (Mortimer, , 1942 Davison, 1981; Davison et al., 1981 Davison et al., , 1982 and whereas the oxidation of Fe(I1) may be described in terms of chemical kinetics (Davison & Seed, 1983 ) the mechanisms of Fe(II1) reduction, which accounts for 3 to 18% of the total Fe loading of the lake (Davison et al., 1981) , cannot. The total quantity of Fe(II1) reduced in the anoxic hypolimnion (about 10 g Fe m-*, Davison et al., 1981) accounts for only 0.8% of the potential reducing equivalents which enter as sedimentary organic carbon (an average of 67 g C m-* over 4 years). This is remarkably close to the value obtained by Verdouw & Dekkers (1980) for Lake Vechten in spite of the fact that the shape of the iron profile indicated little redissolution in the water column of the Dutch lake. Although the Fe(II1) reduction accounts for only a small proportion of the reducing potential entering the hypolimnion, the Fe(I1) produced dominates redox events in the system.
The mechanism of iron reduction has been shown to be biological in nature in both marine (Smensen, 1982) and freshwater (Jones er al., 1983) sediments. Bacteria appear to be the main agents, but although they are capable of reducing a wide variety of inorganic compounds (Woolfolk & Whiteley, 1962) , the role of this activity in cell metabolism has received little attention. Nitrate reductase is thought to be responsible for Fe(II1) reduction in many soil bacteria although others may possess specific ferrireductase enzymes (Munch & Ottow, 1977; Ottow 1970; Ottow & Glathe, 1971 ; Ottow & Munch, 1978) . Snrensen (1982) also attributed Fe(II1) reduction in marine sediments to the activity of facultatively anaerobic, NOT-reducing in a more rapid release of Fe(I1) .
Facultatively anaerobic lithotrophic bacteria which apparently conserve energy by Fe(II1) reduction are found in freshwater sediments, but they are difficult to obtain in pure culture and grow extremely slowly. Much more common are chemoorganotrophs which reduce the Fe(II1) more rapidly. These organisms, however, appear to use the Fe(II1) as a minor H2 sink, to allow re-oxidation of some NADH, and no significant increase in molar growth yield is observed in the presence of Fe(II1) with glucose as the electron donor . This paper examines further the role of Fe(II1) reduction in the metabolism of chemoorganotrophic bacteria in freshwater sediments.
METHODS
Samples and isolation procedures. Sediment samples were taken from the profundal zone of Blelham Tarn (English Lake District: 54" 2 4 N, 2" 59' W) during the period of summer anoxia, and all field methods were as described by Jones et al. (1982) . Iron (111)-reducing bacteria were isolated (Jones er al., 1983) on media (Jones, 1983) which contained a variety of electron donors and Fe(II1) as sole potential electron acceptor.
Sediment slurry experiments. Sediment slurries were transferred to, and incubated in, serum vials, in such a way as to exclude oxygen at all of the handling procedures (Hungate, 1969; Latham & Wolin, 1978) . The samples were incubated under atmospheres of 95% N2/5% C 0 2 or 80% H2/20% C 0 2 in the presence and absence of 100 mmol Fe(II1) 1-I , added as Fe203. The gas mixtures were purified by passage through commercially available oxygen traps which had previously been shown to reduce the O2 concentration to a level which would permit the growth of methanogens (Jones et al., 1982) .
Chemical analyses. Fe(I1) was determined with 2,4,6-tripyridyl-l,3,5-triazine (TPTZ) (Standing Committee of Analysts, 1977) and with ferrozine as described by Srarensen (1982) . Volatile fatty acids were determined either by gas chromatography (Jones et al., 1982) or by HPLC using an Aminex HPX87H cation-exchange resin (Bio-Rad Laboratories) and a conductivity detector (Knauer, Bad Homburg, FRG). A commercial enzyme kit (Boehringer Mannheim, cat. no. 176290) was used for the analysis of ethanol.
Organisms and culture conditions. Pure cultures of iron-reducing bacteria were obtained using the procedures described by Jones et al. (1983) . The source of carbon and reducing power, in this case malate, was added at final concentrations of 5, 10 and 20 mmol I -' . The potential electron acceptor, Fe(III), was added as FeC13 to a final concentration of 1.0 mmol I -' unless otherwise stated. Cultures were incubated in serum vials, taking the precautions described by Latham & Wolin (1978) . The vials were incubated at 25 "C, unless otherwise stated, on an orbital shaker. The organisms were treated as strict anaerobes using the precautions described above for the sediment slurry experiments. Growth was measured, in most experiments, by following change in ODss0. Before measuring the OD of liquid cultures 5 p1 of 10 moll-HCI was added to 1 ml of culture to dissolve completely the ferric oxy-hydroxides. The acid did not affect the OD of cultures grown in the absence of Fe(II1) and good linearity was obtained between dry weight and turbidity. ATP was determined in cold TCA (10% w/v) extracts which were diluted 50-fold in buffer before analysis using a purified luciferase preparation (LKB Wallac).
R E S U L T S
Among the many chemoorganotrophic Fe(II1)-reducing bacteria isolated from freshwater sediments ) was a glucose-fermenting Vibrio. Slight changes in the volatile fatty acid (VFA) composition of its fermentation end products were observed in the presence of Fe(II1). The effect of Fe(II1) on these products was therefore examined further with sediments taken from the anoxic profundal zone of Blelham Tarn during late summer. Addition of Fe (II1) to such sediment decreased the quantity of VFAs which accumulated under both N, and H, atmospheres (Table 1) with larger quantities of VFAs accumulating under the H, atmosphere. When butyric acid (1 mmol 1-l ) was added to sediment slurries it was removed more rapidly in the presence of excess Fe(II1) (53 pmol l-l d-l) than in the control vial (39 pmol l-l d-l). There was no difference in the quantity of acetic acid which accumulated but significantly less CH, was produced in the presence of Fe(II1).
Heterotrophic Fe(II1)-reducing bacteria were then isolated from anaerobic lake sediments in an attempt to determine the mechanism of Fe(II1) reduction. Before isolations were attempted several substrates were checked for their ability to stimulate Fe(II1) reduction in sediments (Table 2) . No additional Fe(II1) was used and so it was available solely as the naturally occurring form. The substrates were added both on an equimolar basis and at concentrations which represented equal reducing power ( E 100 mmol H + 1-*). The results were the same in both cases, with the greatest stimulation in Fe(II1) reduction being obtained with malate. Glucose and ethanol were the only other substrates which enhanced Fe(II1) reduction to any considerable extent, and the VFAs inhibited the process. The latter was a little surprising although concentrations were higher in this experiment than that in which the Fe(II1)-stimulated butyrate utilization was observed.
Using the procedure and medium described by Jones (1983) and malate as the sole source of carbon and reducing power a pure culture of a bacterium which actively reduced Fe(II1) was obtained. The organism was a Gram-negative facultatively anaerobic rod (occasionally slightly curved), 1-7-1.9 pm long with a single polar flagellum. It was fermentative in Hugh and Leifson medium, catalase and oxidase positive and sensitive to 0/129. It was therefore assigned to the genus Vibrio. In common with many other facultatively anaerobic Fe(II1)-reducing bacteria, this Vibrio was able to reduce nitrate, with N 2 as the major product. Addition of Fe(1II) to a nitratecontaining medium reduced the quantities of NO, and NH,' which accumulated, by 22% and 39% respectively, but these were minor products present only in concentrations of 1-5 pmol 1-l . The addition of NO, or Mn(IV) to the Fe(II1)-containing medium inhibited the reduction of the latter. The molar growth yield was 20% higher in the presence of Mn(IV) than with Fe(1II) even though the former was added as the insoluble crystalline MnO,. Addition of Mn(IV) decreased the amount of Fe(I1) formed by 53%, a lesser inhibition than that observed by Munch & Ottow (1977) yet the reduction of Mn(1V) was unaffected by the presence of Fe(II1). The Vibrio would, therefore, preferentially reduce NO, and Mn(IV) in the presence of Fe(II1).
During anaerobic growth on a liquid medium (which contained malate as the sole carbon and energy source and FeCl, and CO, as the sole potential electron acceptors) malate consumption, the length of the lag phase, final OD and amount of Fe(I1) produced were all proportional to the initial concentration of Fe(II1) over the range 0.05 to 1 mmol 1-l . The slope of the line relating final OD to Fe(II1) reduction was 0.32. Likewise the amount of Fe(II1) reduced was proportional to the malate concentration in the range 1-10 mmol 1-l . The apparent molar growth yield of this Vibrio sp. was greater when Fe(II1) was incorporated into the medium. An average increase of 28% was observed over a fairly wide temperature range (Table 3) but not on substrates other than malate ( Table 4) . The apparent increase in molar growth yield in the presence of Fe(II1) might, of course, be due to factors other than the direct involvement of Fe(II1) in the metabolism of the bacterium. The Fe(II1) is added to the medium as FeCl,. This hydrolyses immediately and the products then flocculate, producing a slight cloudiness in the medium. To determine whether insoluble products influenced the growth pattern, FePO, and AlP04 were added to the medium. Both form fine precipitates which might be expected to affect growth in a manner similar to that observed with the hydrolysed FeC13. No stimulation in growth was observed in the presence of FePO, or A1PO4, the ATP yields being 0.50 and 0.48 pmol 1-respectively, which were slightly lower than those of the control (0.51 pmol 1-l ) . The presence of a precipitate not only failed to stimulate growth but the quantity of Fe(II1) reduced was considerably less when it was added as the phosphate. Changes in pH and Eh of the medium might have affected growth indirectly in the presence of iron. The initial pH (6.9) and Eh ( -160 mV) of the medium were unaffected by the presence of Fe(II1). At final stationary phase the values were pH 6.3, Eh -170 mV without iron and pH 6.2, Eh -210 mV in the presence of iron. The latter values might be expected to decrease rather than increase growth yield. Addition of Fe(I1) to media so that the initial & was -200 mV failed to increase growth yield in the presence or the absence of Fe(II1). We therefore concluded that the apparent increase in growth yield was due neither to a requirement for iron nor to a more favourable Eh value. Centrifuged and filtered medium collected at mid- The simple medium contained malate, mineral salts and vitamins. The complex medium also contained 10 mg 1-I each of yeast extract and Casamino acids. The analysis of field data had indicated that the reduction of Fe(II1) accounted for only a very small proportion (< 1 %) of the reducing equivalents bound in the available organic matter.
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Much smaller values (0.13% with glucose and 0.03% with malate) were obtained with the laboratory cultures used by Jones et al. (1983) and in this study. Even if only the difference in apparent molar growth yield in the presence of Fe(II1) were to be considered, then the Fe(I1) would account for 1-2% of the potential reducing power involved. Clearly the reduction of Fe(II1) accounts for a very small portion of carbon turnover and therefore only minor changes in metabolism might be expected. An examination of the fermentation end products of the Vibrio when grown on malate showed that there was a decrease in the quantity of ethanol produced and a concomitant increase in the low molecular weight acids in the presence of Fe(II1) ( Table 5 ). The quantitites involved were small compared to the amount of malate used but of the same order of magnitude as the Fe(I1) produced.
DISCUSSION
The ability of Fe(II1) to modify the fermentation end products which accumulate in anoxic sediments had not been observed previously. The condition of the sediment when these results were obtained may have contributed to this. In late summer the sediment is depleted in nitrate and sulphate and therefore the major electron acceptors would be organic compounds, C 0 2 , Fe(II1) and Mn(1V). Of these, iron (total Fe 45 mmol 1-* ) was a major component. The major bacterial metabolic groups which might interact under such circumstances would be fermenters (including nitrate and sulphate reducers metabolizing fermentatively) methanogens and proton reducers (McInerney et al., 1979 , 1981 Mah, 1982) . The increased quantity of VFAs which accumulated under the H, atmosphere had been observed previously in experiments on Blelham Tarn sediments (Jones et al., 1982) and attributed to the effect of increased hydrogen partial pressure on the metabolism of VFAs by syntrophic associations of bacteria (Boone & Bryant, 1980; McInerney et al., 1979) . The catabolism of fatty acids under such conditions is thermodynamically favourable only if the partial pressure of H 2 is maintained at a very low level (10-atm for propionate and l o p 6 atm for butyrate) (McInerney & Bryant, 1980) . This has only been achieved by syntrophic associations of fatty acid-oxidizing, proton-reducing bacteria and other H ,-consuming organisms.
In spite of the inhibition of organisms, such as methanogens, which might act as hydrogen acceptors for fatty acid-metabolizing bacteria, butyric acid was utilized more rapidly in the presence of Fe(II1). Given that H,-utilizing Fe(II1)-reducing lithotrophs appear to be few in number in these sediments , 1978) .
The effect of carbon source on Fe(II1) reduction by the Vibrio confirmed the observations of Jones et al. (1983) , in that no increase in molar growth yield was observed when glucose was the substrate. The results with pyruvate and lactate were particularly interesting since these are, respectively, a potential intermediate and an end product of the anaerobic metabolism of malate. The conversion of malate to pyruvate results in the production of 2 H + yet there was little difference in the quantity of Fe(II1) reduced with these two substrates. The present isolate differed from that obtained on glucose in that a consistent increase in molar growth yield was obtained in the presence of Fe(III), the reduction appeared to be more specific to the form of iron used and no extracellular component to the reduction could be detected.
The changes in fermentation end products observed in this study were similar to those seen following the addition of nitrate to the growth media of Bacteroides sp. (Yamamoto et al., 1982) and Clostridium sp. (Keith et al., 1982) . The reduction of Fe(II1) appears, therefore, to be associated with a minor diversion of metabolism to energetically more favourable end products. However, when the energetics of malate metabolism and Fe(II1) reduction were considered (Thauer et al., 1977) it was clear that the difference in end products would explain only a small part of the apparent increase in molar growth yield. The nature and mechanism of this increase therefore require further investigation.
We thank C. Simpson, L. Hetherington and M. Ferrie for their technical assistance, and E. M. Evans who typed the script. This research was financed by the Natural Environment Research Council.
